Background Neutrino oscillation probabilities, which are being measured in long-baseline experiments, depend on neutrino energy. The energy in a neutrino beam, however, is broadly smeared so that the neutrino energy in a particular event is not directly known, but must be reconstructed from final state properties.
I. INTRODUCTION
The extraction of neutrino oscillation parameters necessarily requires the knowledge of the neutrino energy.
Since neutrino beams are always produced as secondary decay products their energy is not sharp, but widely distributed. The energy of the incoming neutrino in a given event thus has to be reconstructed from observed properties of the final state. Often QE scattering is used for this reconstruction, because for this process the incoming energy can be uniquely inferred from an observation of just the outgoing lepton if the target is a nucleon at rest. This becomes considerably more complicated, however, when nuclear targets are used [1, 2] . For these, the difficulty is twofold. First, the reaction process of QE scattering must be unequivocally identified. Second, even then nuclear effects can smear out the reconstructed energy.
The first difficulty is the more serious one, since other reaction mechanisms may look indistinguishable for the experiment. Furthermore, final state interactions make it very difficult to identify the initial QE scattering on a bound, Fermi-moving nucleon inside the nucleus. This is even more so if no outgoing nucleons are observed, as is at present the case in all experiments using Cerenkov detectors.
Recently quasielastic (QE) neutrino scattering has atarXiv:1208.3678v1 [nucl-th] 17 Aug 2012 tracted a lot of attention because the cross sections reported lately [3, 4] by the MiniBooNE collaboration at E ν < 2 GeV are 30 − 40% higher than the cross section measured by old bubble-chamber experiments (ANL,BNL,FNAL,CERN,IHEP) in the 70s-80s. These higher data could be well described only by assuming an axial mass that was significantly higher than the world average value of M A ≈ 1.0 GeV [5] [6] [7] . The situation is complicated by another modern experiment -NOMAD [8] -which at E ν > 5 GeV reports M A = 1.05 ± 0.08 GeV and cross sections which are in agreement with the old measurements. The Minerva experiment, operating with a higher energy neutrino flux, also does not derive high a M A from their results [9] .
At first sight, the modern experiments have the advantage of huge statistics with millions of events recorded.
The complication arise, however, from the fact that these experiments all use nuclei as targets. All the measurements are thus influenced by nuclear effects. These affect primarily the event identification and with it the energy reconstruction. This is crucial for the extraction of the cross section as a function of neutrino energy [7] and influences the extraction of oscillation parameters [10] .
The true charged current (CC) QE scattering is defined as neutrino scattering on bound neutron in the nucleus, resulting in a muon and a proton true QE:
Such events can be identified quite well in a tracking detector, but are impossible to identify in a Cherenkov detector, because it is "blind" to outgoing neutrons and low-energy outgoing protons. Thus, in a Cherenkov detector (e.g. MiniBooNE and T2K), the signal is defined as a single Cherenkov ring from the outgoing muon, which The experimental groups try to account for nuclear effects by using event-generators. Thus, the final 'data'
for QE scattering invariably contain some model dependence and may suffer from imperfections in the models used. For example, the widely discussed large values for the axial mass (M A ≈ 1.3 GeV) obtained by the MiniBooNE collaboration are nowadays believed to be due to 2p-2h excitations (see [12, 13] and refs. therein). These excitations were not contained in the generator used and could thus not be removed from the data set. In addition, one has to be aware that in the MiniBooNE data shown In both cases the energy-dependence has been reconstructed. The stuck-pion processes should account for most of the difference between these two data sets. It is the purpose of this paper to explore the full QElike cross section that includes the events from various origins. These are clarified in sec. II. Special attention is given to the 2p-2h processes, which are discussed in sec. II C. In sec. III we consider the sensitivity of the energy reconstruction method used by Cerenkov detectors such as MiniBooNE to the events of each origin in a more comprehensive way than done so far. In particular, we explore the dependence of the energy reconstruction not just on 2p-2h and ∆ events, but also on QE-like contributions from pion background, higher resonances and DIS. Reconstruction of momentum transfer is discussed in sec. IV. The influence of energy reconstruction procedure on measurement of oscillation parameters in T2K experiment is illustrated in sec. V. At the end we summarize our findings.
II. QE-LIKE CROSS SECTIONS
A. Theoretical Method
For our investigations of nuclear effects on the QElike and extracted QE cross sections we use the Giessen Boltzmann-Uehling-Uhlenbeck transport model GiBUU.
Its theoretical foundation and details of the practical implementation are described in detail in Ref. [14] . In this [15, 16] . The model has recently been extended by also including initial two-particle-two-hole (2p-2h) interactions [17] . At higher energies pQCD expressions encoded in the highenergy event generator pythia are used [18] . The model thus contains all the relevant processes for the initial neutrino interaction. All calculations reported in this paper have been performed with an axial mass M A = 1 GeV for QE scattering; model II from Ref. [17] is used for the 2p-2h contributions. Once the particles are produced in the initial vertex they are being transported out of the nucleus. During this process elastic and inelastic scattering can take place, including charge transfer, particle production and absorption. In MiniBooNE, the QE-like background is not directly measured, but obtained from the NUANCE neutrino event generator which in turn was adjusted to the measured pion yields [7] ; this generator contained no 2p-2h processes. This background should correspond to the sum of fake events originating from resonances, 1-pion background, and DIS in the GiBUU. Subtracting QE-like background from the "measured" QE-like cross section, MiniBooNE presented its QE result (which is meant to be sensitive to the axial mass) as "extracted" cross section (open triangles in Fig. 1 ).
The neutrino energy for each event has been reconstructed. The latter is necessary because in any experiment the neutrino beam involves broad energy distribution, and the true energy for a given event is thus not known. In reporting the inclusive cross sections (especially at high neutrino energy), the experiments can mostly rely on calorimetric measurements of the energy of final hadrons (MINOS, NOMAD). In contrast, for a specific reaction mechanisms, such as QE scattering, the energy has to be reconstructed from muon observables only. The latter can lead to inaccuracies in the reconstructed energies that are larger than previously assumed if the actual reaction process is not correctly identified.
C. Influence of 2p-2h interactions
As we see from Fig. 1 , removing all the "stuck-pion" QE-like events does not lead to an agreement with the conventional theoretical calculation of true-QE cross section. The "extracted" cross section still is considerably higher than calculations using the world average axial mass of 1 GeV. The remaining difference can be attributed to a significant amount of non-QE many-body excitations in the QE-like cross section; for a compact review of other possible explanation see the introduction in [17] . Since the NUANCE generator used by MiniBooNE does not contain 2p-2h excitations, they are not subtracted as a part of the QE-like background, and thus are still present in the "measured" cross section.
By combining the random phase approximation (RPA) with a calculation of 2p-2h contributions Martini et al.
have obtained a good description of the MiniBooNE data [12, 19, 20] . As expected, the RPA correlations have most effect at forward angles where the squared fourmomentum transfer Q 2 to the nucleus is small. They die out with increasing angle and with decreasing muon energy, i.e. increasing energy transfer. These results have been confirmed by detailed calculations of the Valencia group [13, 21] and the effects of such interactions have been explored in detail in Ref. [17] (see also Ref. [22] ).
Since all measurements involve a flux-average over a usually broad band of incoming neutrino energies we have developed a short-cut to the full theoretical treatment of such 2p-2h processes by parametrizing a fluxaveraged matrix element. This method has allowed us to implement these processes in an actual event generator, GiBUU, and to investigate observable consequences of these initial 2p-2h interactions mainly on knock-out nucleons. In [17] we have shown that the measured double-differential cross sections (corrected for stuckpion events) could be described quite well so that our method seems to contain the relevant physics. There we had used a model for the 2p-2h part of the hadron tensor that consisted of the transverse projector, thus modeling the transverse character of 2p-2h interactions, modified
by an explicit energy-dependence (model II in [17] ).
The 2p-2h cross section leading to fake QE-like events is also shown in Fig. 2 . It is seen that at low energies, and stuck-pion (dashed line) origins are shown in Fig. 3 .
While the 2p-2h contribution is quite flat at about 20-30%, the pion contribution rises with energy, reflecting the threshold for pion production.
In [17] we had determined the matrix element such that the sum of true-QE and 2p-2h contributions fitted the "extracted" MiniBooNE data. This is shown in Fig. 4 , where the solid ("true-QE + 2p2h") line is the GiBUU model calculation that includes only true-QE and 2p-2h cross sections. Even with this fit, as illustrated in Fig. 4 , the "measured" data points still do not agree with our curve for the total QE-like cross section. The latter is shown by the dashed ("all") line and includes all processes that lead to QE-like final state.
As shown in the previous section, the absolute contribution of fake 'stuck-pion' QE-like events (that is, the difference between the dashed and the solid curves in Fig. 4 , also shown as dotted curve) is zero for E ν < 0. Fig. 4 ). The theoretical "all" and "true-QE + 2p2h" curves do not agree with the data, both have a noticeably different shape. As we will show later in this paper, the resolution of this seeming contradiction lies in the fact that in Fig. 4 the data are plotted versus reconstructed energy whereas the calculated curves are all plotted vs true energy.
III. ENERGY RECONSTRUCTION BASED ON QE KINEMATICS
To resolve contradiction shown in Fig. 4 , let us consider the energy reconstruction procedure used by MiniBooNE and its influence not just on the QE, but also on the QElike cross sections. As was shown already in [17, 23, 24] , a 2p-2h interaction, when leading to a final state with 0 pions and thus recorded as QE-like event, is on average recorded with a reconstructed energy lower than the true energy.
For QE scattering on a nucleon at rest the incoming neutrino energy is directly linked to the kinematics of the outgoing lepton and is thus known when lepton angle θ µ and energy E µ are measured. Therefore, the formula used by MiniBooNE for the energy reconstruction is based on the assumption of QE scattering on a nucleon at rest [25] even though nuclear targets with binding and Fermi-motion are used. The reconstructed (rec) neutrino energy is defined as
Here M n the mass of the neutron,
It is essential to realize that use of this formula is justified only if the reaction mechanism has been identified as being true QE scattering; admixture of any other reaction modes leads to an incorrect reconstruction of energy. In the following we will explore how large these errors actually are.
In a numerical simulation, e.g. with the MiniBooNE flux, the distribution of true neutrino energies is known.
In GiBUU a flux-weighted Monte-Carlo sampling of true energies is then used to generate for each of them one event; from this event a reconstructed energy is calculated according to Eq. (1). This method thus directly corresponds to the method used in the experiment. Using a sufficiently large number of true energies eventually the whole (E true , E rec ) plane is filled. The distribution of points in this plane is denoted by N (E true , E rec ), where N is a 2-D density of the flux-averaged cross section.
1
Integrating N over E true and E rec gives
which is just the flux averaged cross section.
The two-dimensional density N (E true , E rec ) for the MiniBooNE flux is shown in Fig. 5 for understanding of experimental data. The curves are directly comparable with Fig. 8 in Ref. [23] and Fig. 4 in [24] . The difference is that our curves contain also the effects of pion degrees of freedom and their FSI. The main contribution to the observed distribution is in all cases given by the true-QE events, which contribute a prominent peak around the true energy; its broadening is caused by Fermi motion. In addition, the distributions have long tails towards larger true energies so that the total strength at a given true energies has sizable contributions not only from the (same) reconstructed energy, but also from lower ones.
This result is in agreement with the recent analyses by
Martini et al. [23] and Nieves et al. [24] for QE events.
Thus, both the 2p-2h effects as well as the stuck-pion events lead to a shift of the reconstructed energy towards smaller values, or, vice versa, for a given reconstructed energy the true energy always lies higher than the reconstructed one. The effect is most pronounced at lower true energies and becomes smaller at higher energies.
The cross section for zero pion events, i.e. the cross section for an event identified by MiniBooNE and T2K as QE-like scattering, as a function of reconstructed energy, we denote byσ 0π (E rec ). It is experimentally obtained by dividing the measured event distribution (flux-folded cross section) by the flux at the reconstructed energy 2 .
Each reconstructed energy contains admixtures of many different true energies (see Fig. 5 ) so that one has
where P(E 
The probability density P(rec|true) is a function of the reconstructed energy, while true energy is a parameter.
It is normalized as
Since the neutrino flux as a function of the true energy is fixed (i.e., an input in the GiBUU model, as provided by the corresponding experiments), P(rec|true) is independent of the neutrino flux and thus is one and the same for all experiments using identical techniques for the event identification. Fig. 11 in Ref. [17] , which we will not repeat here, represents the product
The conditional probability density needed by experiment to convert the extracted event distribution, that depends on the reconstructed energy, into the true distribution, that depends on the true energy, is discussed in detail in the appendix. 2 Note that while in the experimental analysis the functional form of the flux distribution, φ(E), is known the functional form of σ 0π (E) is not and may indeed be different. must be due to differences between the two generators used. Altogether, 'stuck-pion' events make a contribution to the fake QE-like cross section which is nearly as large as that due to 2p-2h excitations. When these events are subtracted from the "measured" ones, the energy shift due to the stuck-pion events is also approximately removed by the generator. Thus, only the energy shift induced by 2p-2h processes is present in the "extracted" MiniBooNE data. This justifies the analyses based on microscopic models of 2p-2h interactions (Refs. [23, 24] ) alone (i.e., lacking the pion contributions), since these results are compared with the "extracted" QE data only.
This now explains the puzzle raised at the start of this paper why the difference between the two data sets is so large already at low energies and then decreases towards higher ones: this behavior is an artifact of the energyreconstruction. Indeed, the reconstructed-energy curve, which shows the same cross section contributions vs. true energy, exhibits the expected behavior: it starts to become nonzero only for energies above about 0.5 GeV and then increases steadily with energy.
Note that for a comparison with the data in the top row in Fig. 8 only the curve for the reconstructed energy matters. We see that this curve agrees quite well with the data (reduced by 10%) for energies above about 0.8 GeV, but overshoots them for the few experimental points at lower energies. We take this disagreement as evidence of the presence of RPA correlations. This is in line with results of Martini et al. [12, 20] and Nieves et al. [13, 21] who both find that RPA correlations lower the cross sections at these lower energies, but become negligible for energies above between 0.7−1 GeV. An inclusion of these correlations, which are not contained in our calculations, would bring our results into very good agreement with experiment.
Summarizing the results of this section, we find that all processes other than true-QE scattering lead to a shift of the reconstructed energy, based on the assumption of true-QE, towards lower energies. For both 2p-2h and pion related events this shift can be quite large (several 100 MeV). In addition the energy-dependence of the cross section for various reaction mechanisms plotted vs reconstructed energy is quite different from that plotted vs true energy. While the presence of 2p-2h processes explains the abnormally large values of the axial mass obtained by the MiniBooNE collaboration it is interesting to look for effects of deficiencies in the energy reconstruction on neutrino oscillation properties. This will be done in section V. We note that studies along these lines have already been undertaken in Refs. [11, 23, 26] .
IV. MOMENTUM TRANSFER

RECONSTRUCTION
The reconstruction procedure, based on true-QE kinematics and being applied to Cherenkov QE-like events, leads to distortions not only in the neutrino energy reconstruction, but also in the Q 2 reconstruction.
Indeed, the reconstructed Q 2 is defined as
using the reconstructed energy E As we mentioned in the Introduction, the "observed" data is not perfect. For lower Q 2 the calculated curves are higher than the data; this is the region where RPA effects should bring them down [12, 21] . For Q 2 > 0.35 GeV our reconstructed curve is steeper than the data. For all events ("MiniBooNE measured", top left panel) the differences are larger, which is due to the different treatment of stuck-pion events in the GiBUU and NUANCE generators.
V. EFFECTS ON DETERMINATIONS OF THE OSCILLATION PROBABILITY
T2K experiment has recently reported the first experimental observation of electron-neutrino appearance from a muon neutrino beam [27] and investigated muonneutrino disappearance [10] with an off-axis beam. In both studies the QE-like events were used and neutrino energy was reconstructed assuming QE kinematics, according to Eq. (1). Thus, the effects of energy reconstruction must be similar to those in MiniBooNE experiment.
In this section we show, how this influence the extraction of oscillation parameters. 
for the electron-neutrino appearance signal.
In the disappearance signal the oscillation minimum is significantly affected: plotted as a function of reconstructed energy the minimum is smeared out and shifted to a higher energy (by about 50 MeV). Also the first maximum is similarly affected. Correspondingly, in the electron-neutrino appearance experiment the maximum vs the true energy lies higher by about 20%.
To make these points even more visible and to demonstrate their effect on the oscillation probability we show is comparable to the uncertainty caused by the energy reconstruction which can be seen in Fig. 11 .
VI. SUMMARY AND CONCLUSIONS
The neutrino energy reconstruction using kinematics of QE scattering depends on a clean identification of true-QE events. In nuclear targets this, however, becomes the MiniBooNE experiment. Here the extracted QE scattering distributions could only be fitted by using an axial mass of M A = 1.3 GeV and this result has lead to a discussion of possible in-medium effects and to a multitude of partly contradictory explanations. Now the general consensus is that this result was obtained because the true QE scattering mechanism was not correctly identified and, therefore, the extraction of M A was made using the wrong theoretical framework. As a consequence of this incorrect identification not only the extracted M A value was incorrect, but also the QE cross sections as a function of reconstructed energy were found to be wrong.
So far, only the QE scattering cross sections as extracted by MiniBooNE have been analyzed [23, 24] . This extraction involved some model dependence since the socalled stuck-pion events were removed from the experimental QE-like data set by using a tuned version of the generator NUANCE. Motivated by this fact we have, in this paper, analyzed also the full QE-like cross sections in one consistent model, GiBUU, which contained all the pion production events, true QE scattering and the 2p-2h
excitations. The main result is that all other processes, not just 2p-2h, lead to a significant downward shift of the reconstructed energy. For the MiniBooNE flux this shift amounts to about 500 MeV for the 2p-2h excitations (at the peak of their event distribution), to about 500-600
MeV for pionic processes involving the ∆ resonance and pion background contributions and to a shift of about 1
GeV for higher resonances and DIS. On the other hand, for true QE scattering the energy reconstruction works quite well (by construction). For the full QE-like event that involves all these reaction mechanisms the shift in energies then amounts to about 200 MeV.
Even larger is the effect on the energy-separated cross sections where the QE-like and the extracted QE cross sections have a dependence on energy that is very different for the true and the reconstructed energy. We have shown in this paper that the analysis involving all reaction mechanisms can explain both the extracted QE and the measured QE-like energy separated cross section. It also explains naturally why the difference between QElike and QE-extracted events is quite large already at low energies and then becomes smaller toward larger neutrino energies, contrary to expectation. This unexpected behavior is again due to errors in the energy reconstruction.
We have, furthermore, shown in this paper how these uncertainties affect the analysis and the extraction of oscillation parameters from the ongoing T2K experiment.
Most important here is the result that the uncertainties necessarily connected with the energy reconstruction are as large as the expected sensitivity of the oscillation result on the CP invariance violating phase.
Finally, in an appendix, we have given the transformation from reconstructed to true energies in a form that may be useful for experimental analyses.
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Appendix A: Energy reconstruction
In an experiment only the flux averaged cross section is directly measured and by the reconstruction method the product φ(E rec )σ 0π (E rec ) can be obtained. The chal-
